T he liver contains two major differentiated cell types of endodermal origin: hepatocytes, located in the hepatic parenchymal plates, and biliary epithelial cells, located in the bile ducts. In addition, several cell types presumed to be of mesenchymal origin are present, including Kupffer cells, Ito/stellate cells, and endothelial cells (Desmet, 1994) .
Hepatoblasts are the cells that have migrated from the liver diverticulum into the septum transversum at ‫ف‬ 9.5 d of development in the mouse, and they are already determined along the hepatic epithelial cell lineage (Le Douarin, 1975; Houssaint, 1980; Zaret, 1996) . These bipotential progenitor cells give rise to mature hepatocytes and to intrahepatic bile ducts and portions of the extrahepatic ducts (Germain et al., 1988 b ; Shiojiri et al., 1991) . The hepatocytes assume their polarized definitive differentiation only just before birth (Stamatoglou et al., 1992 ).
An equivalent bipotential precursor cell (stem cell) in adult liver remains to be identified. Although the liver is a quiescent organ, terminally differentiated hepatocytes are able to undergo active proliferation after cell loss (Michalopoulos and DeFrances, 1997) . In response to massive necrosis, when hepatocytes cannot respond to a growth stimulus and during some regimes of chemically induced hepatocarcinogenesis, a mixed cell type compartment emerges in the region of the portal triads, referred to as the "oval cell compartment" (Farber, 1956; Germain et al., 1988 a ; Lemire et al., 1991; Evarts et al., 1993) . A variable proportion of cells in the compartment share markers with fetal hepatocytes, including the expression of ␣ -fetoprotein, albumin, ␥ -glutamyl transpeptidase, placental alkaline phosphatase, and the pattern of expression of cytokeratins (CK).
1 On the basis of their localization in the liver cell plate and of their morphological features, the oval cells seem to correspond to the primitive intrahepatic bile duct elements descended from hepatoblasts (Fausto et al., 1993) . Although the different steps involved in liver development are well described from the hepatic specification of ventral endoderm to the generation of hepatoblasts and the differentiation of mature hepatocytes, the control mechanisms underlying these steps are still poorly understood. Recent experiments with primary tissue explants of foregut endoderm have suggested the influence of positive and negative extracellular signals, respectively provided by cardiac and dorsal mesoderm, during early hepatic specification (Gualdi et al., 1996) . Gene disruption in mice has demonstrated that factors as diverse as c-Jun (Hilberg et al., 1993) , RelA (Beg et al., 1995) , and both hepatocyte growth factor/scatter factor (HGF/SF; Schmidt et al., 1995) and its receptor Met are implicated in hepatogenesis. It is generally accepted that particular combinations of members of four families of liverenriched transcription factors (LETF), including hepatocyte nuclear factor (HNF)3 (Lai et al., 1991) , HNF4 (Sladek et al., 1990) , HNF1 (Frain et al., 1989) , and CCAAT/ enhancer binding protein (C/EBP; Johnson et al., 1987) control critical steps in hepatic differentiation, and that a hierarchy of expression of these transcription factors exists (Cereghini, 1996) . Among the possible LETF combinatorial mechanisms involved in hepatic cell differentiation the HNF4-HNF1 ␣ couple has a key role (Kuo et al., 1992; Spath and Weiss, 1997) . Moreover the extracellular environment plays a critical role in regulating the activities of these transcription factors, thereby helping to maintain hepatocyte differentiation (Liu et al., 1991) . Recently, a role for HNF4 in integrating the genetic programs of liverspecific gene expression and of epithelial morphogenesis of hepatocytes has been described (Spath and Weiss, 1998) .
The lack of stable precursor cell lines that differentiate into hepatocytes in culture has hampered clarification of the events controlling liver development. Recently, we established ‫ف‬ 30 immortalized hepatocytic cell lines (Met murine hepatocyte [MMH] ) from explants of embryonic, fetal, and new-born liver derived from transgenic mice expressing a constitutively active truncated human Met receptor (cyto-Met) under control of the human ␣ 1-antitrypsin transcription unit (Amicone et al., 1997) . All of the MMH lines are untransformed and present a differentiated phenotype judging from the retention of epithelial cell polarity and the expression of LETF. In addition, many express hepatic functions. Although the immortalization of transgenic liver cells was reproducible, the event was rare: a small number of epithelial islands emerged and grew from a large number of cells in the primary cultures (Amicone et al., 1997) .
With the goal of identifying an immortalized bipotential precursor cell within the MMH lines, several lines were cloned and the properties of the progeny clones determined. The results reveal that some of the MMH lines are composed of two distinct cell types: the expected epithelial cells as well as a cell type of spreading fibroblast-like morphology that we designate palmate. The epithelial cells express hepatocyte functions, or are competent to do so upon induction. In contrast, the palmate cells express neither LETF nor hepatic functions. However, they are bipotential, for they give rise to epithelial cells, spontaneously upon continuous culture, or precociously under the appropriate environmental conditions. Epithelial progeny of palmate cells express LETF and are competent to express hepatic functions. In addition, in three-dimensional cultures, palmate cells form hollow tubules lined with microvilli, reminiscent of bile ducts.
Unequivocal demonstration that palmate cells can give rise to epithelial-hepatocytes is provided by cloning of individually fished cells and characterization of their progeny. Moreover as true stem cells, palmate cells are diploid whereas their epithelial progeny are hypotetraploid. All of these findings demonstrate that palmate cells are the precursors of hepatocytes in MMH cell lines.
Materials and Methods

Cell Lines and Culture Conditions
The MMH lines are immortalized cell lines derived from livers of transgenic mice expressing a truncated human MET proto-oncogene. Details on the construction and on the tissue-specific and temporal expression of the transgene are published (Amicone et al., 1995) .
The MMH lines were grown in RPMI 1640 supplemented with 10% FCS, 50 ng/ml EGF, 30 ng/ml IGF II, 10 g/ml insulin (Boehringer Mannheim Corp., Indianapolis, IN), and antibiotics. Cells were usually plated on collagen I-coated (Sigma Chemical Co., St. Louis, MO) Petri dishes (Falcon Plastics, Cockeysville, MD). Each passage corresponds to five to six cell generations. Cell passages were calculated from initial thawing.
The differentiated rat hepatoma cell lines Fao and FGC4 were derived from clonal line H4IIEC3 (Pitot et al., 1964) . Rat hepatoma cells were grown in modified Ham's F12 medium supplemented with 5% FCS (Coon and Weiss, 1969) . All cell lines were incubated in a humidified atmosphere with 7% CO 2 at 37 Њ C.
Environmental Factors
For some experiments, the normal growth medium was supplemented with 2% DMSO (Sigma Chemical Co.) or 100 ng/ml aFGF (always supplied in association with 10 g/ml Heparin; GIBCO BRL, Gaithersburg, MD). Where indicated, cells were grown on gelatin-coated dishes (0.1% gelatin in PBS; the sterile solution was left on the dishes for 20 min before aspiration and inoculation of cells). To prepare gels derived from the Engelbreth-Holm-Swarm (EHS) mouse tumor (Orkin et al., 1977) 0.5 ml of basement membrane (Matrigel; Collaborative Research, Inc., Waltham, MA) was poured into 60-mm dishes and permitted to set at 37 Њ C for 1-2 h.
Cloning
Cloning of MMH lines was performed by inoculation of 100 or 200 cells into 10-cm Petri dishes. 1 wk later well isolated colonies were scraped and plated onto collagen I-coated 12-well microtiter plates (Falcon Plastics, Cockeysville, MD) and expanded.
Visually-verified single cell cloning of MMH lines was carried out by picking one cell from a diluted cell suspension of 10 2 cells/ml with a P-20 micropipette under a dissecting microscope. After verifying that one single cell had been picked, by expelling it into a drop of pure medium, the cell was recovered in the P-20 and seeded onto a feeder layer in a 12-well microtiter plate. Three types of feeder layers were used for the cloning experiments and were prepared as follows: MMH E14 cells and the MMH E14 epithelial clone cells were incubated over night with 10 g/ml mytomicin (Sigma Chemicals Co.); a primary culture of mouse embryonic fibroblasts (EF) was incubated 3 h with 5 g/ml mytomicin. After treatment with mytomicin cells were plated onto collagen I-coated 12-well microtiter plates (2 ϫ 10 5 cells/well). In all experiments, feeder layers alone were incubated for several weeks to verify that no colony forming cells were present.
Soft Agar Colony Formation
The soft agar assay was performed by inoculating 1 ϫ 10 5 cells suspended in 1.5 ml of DME containing 10% FCS, 50 ng/ml EGF, 30 ng/ml IGF II, 10 g/ml insulin, and supplemented with 0.34% agar (Sigma Chemical Co.) in 60-mm Petri dishes coated with a 0.68% agar underlay. Cultures were incubated for 20 d.
Karyotype and FACS ® Analysis
Karyotype studies were performed on colcemid-arrested metaphases. Colcemid (0.1-0.2 g/ml final; GIBCO BRL) was added to the cell culture for 45 min at 37 Њ C. Cells were trypsinized, swollen with 75 mM KCl at 37 Њ C for 10 min, fixed, and air dried. At least 25 metaphases of each clone were counted. FACS ® analysis was used to verify and quantitate the karyology results: cells in the exponential phase were harvested, fixed in 70% ethanol, washed in PBS, treated with RNase A (100 g/ml) for 30 min at 37 Њ C and then stained in propidium iodide (40 g/ml).
Immunofluorescence Analysis and Antisera
For indirect immunofluorescence staining, cells were grown on collagen I-coated glass coverslips, fixed, and treated as described (Mevel-Ninio and Weiss, 1981) . The antibodies were obtained and diluted as follows: mouse monoclonal anti-pan-CK antibody from Sigma Chemical Co., diluted 1/100; rat monoclonal anti-zonula occludens (ZO)-1 antibody (Stevenson et al., 1986) , supplied by Doris Cassio (Institut Curie, Orsay, France), used undiluted; mouse monoclonal anti-E-cadherin antibody from Signal Transduction Laboratories (Lexington, KY), diluted 1/100; rat monoclonal anti-CK 8, 18, and 19 antibodies (TROMA 1, 2, 3; Kemler et al., 1981) provided by R. Kemler (Max-Planck Institute of Immunobiology, Freiburg, Germany), used undiluted; sheep anti-mouse Ig FITC linked whole antibody from Amersham International, used 1/100; rabbit polyclonal anti-rat IgG FITC conjugate antibody from Sigma Chemical Co., diluted 1/100. Preparations were examined with a Zeiss axiophot.
Transmission Electron Microscopy
For thin sections, aggregates of cells grown on Matrigel-coated dishes were fixed with phosphate-buffered 2.5% glutaraldehyde for 12-18 h at 4 Њ C and postfixed in 1% OsO 4 . Cells were then dehydrated and embedded in epoxy resin. Thin sections for electron microscopy were counterstained with uranil acetate and lead citrate and examined with a Zeiss 109 microscope.
Preparation of Nuclear Extracts and Gel Mobility Shift Assay
Preparation of nuclear extracts and gel shift assay were performed as described by Cereghini (Cereghini et al., 1988) . The binding reaction mixture was incubated on ice for 30 min and consisted of a 14-l reaction mix containing 0.6 ng of 32 P end-labeled double-stranded oligonucleotide, 10 mM Hepes (pH 7.9), 0.125 mM EDTA (pH 8), 0.0625 mM EGTA, 0.5 mM dithiothreitol, 7 mM MgCl 2 /spermidine, 1 g/ l poly(dI-dC) (Pharmacia Biotech, Inc., Piscataway, NJ), 1 g/ l sonicated salmon sperm DNA (Pharmacia Biotech, Inc.), and 10 g of nuclear extract. The doublestranded oligonucleotides used correspond to the binding sites for HNF4 in the human apolipoprotein CIII promoter (C3P 5 Ј -GGTCAGCAGGT-GACCTTTGCCCAGCG-3 Ј ), for HNF1 ␣ in the rat albumin proximal promoter (PE56 5 Ј -TGGTTAATGATCTACAGTTA-3 Ј ), for HNF3 in the mouse transthyretin (TTR) promoter (TTR 5 Ј -TTGACTAAGT-CAATAATCAGAATCAG-3 Ј ). The protein-DNA complexes were loaded and electrophoresed on a 6% polyacrylamide gel in 0.25 ϫ Trisborate EDTA at 12 V/cm, fixed, dried and developed by autoradiography. A 200-fold molar excess of unlabeled oligonucleotides was included in the reaction when competition experiments were performed unless otherwise indicated in the figure legend. The double-stranded oligonucleotides used in competition experiments are: for HNF3 the binding site for HNF3 in the rat L-type 6-phospho-fructo2-kinase promoter (PFK3 5 Ј -GATC-GTCTTTTATTTGCATACTCTA-3 Ј ), for HNF4 the C3P oligo. Supershifts of HNF1 complexes were generated with 3 l of diluted antibody (1:10) for HNF1 ␣ (a gift from Tanguy Chouard, Institut Pasteur).
RNA Analysis
For Northern blot analysis total cellular RNA was extracted from cells according to standard protocols. RNA samples (20 g per lane) were resolved by electrophoresis in 1.85 M formaldehyde-agarose gels and blotted onto nylon membranes (Nycomed Amersham Inc., Princeton, NJ) by vacuum blotting (Pharmacia Biotech, Inc.). Blots were hybridized with 32 P-labeled cDNA inserts corresponding to HNF1 ␣ (Rey Campos et al., 1991) ; HNF3 (a plasmid containing the HNF3 ␣ DNA-binding domain was a gift from Mario Zakin); HNF4 (Sladek et al., 1990) ; C/EBP ␣ (Friedman et al., 1989) ; albumin (Kioussis et al., 1981) ; ␤ -fibrinogen (Crabtree and Kant, 1981) ; TTR (Derman et al., 1981) ; cytokeratins endo A (CK 8; Singer et al., 1986) and endo B (CK 18; Oshima et al., 1988) .
Results
Although all of the MMH lines characterized by Amicone et al. (1997) presented similar epithelial morphology at high density, some displayed morphological heterogeneity at low density. Indeed, at low density fibroblast-like migratory cells are visible, but at high density the cultures present a homogeneous appearing epithelial monolayer. To identify the cell types comprising the cultures, and to explore the possibility that precursors of hepatocytes were present, clones were isolated. This work focused on two such heterogeneous cell lines, E14 and D2, derived from primary liver cultures of a 14-d embryo or a 2-d-old mouse, respectively. In addition, a homogeneous epithelial line, D3 (from a 3-d-old mouse), was examined in parallel.
Clones of MMH Lines Can Be of Two Morphological Categories
Clones of the E14 and D2 lines were of two different types: epithelial and non-epithelial. In contrast, the D3 colonies were all of epithelial morphology (Table I) . To have several representatives of the two classes of clones, we expanded and characterized two E14 clones, three clones from D2 and two from the D3 line. Most of the results presented below concern the E14 line and its clones; similar but less extensive analysis of the D2 clones revealed equivalent properties. Fig. 1 shows the morphological characteristics of the two classes of clones. Although cells of both types of clones exhibit generation times of ‫ف‬ 24 h, striking differences concern: ( a ) the cell shape and ( b ) the growth habit. One class (referred to as epithelial) shows flattened epithelial morphology, similar to the parental lines (Amicone et al., 1997) : the cells have a regular polygonal shape, with clear round nuclei, and grow in a tightly packed fashion. Cells of the second class show a flat fibroblast-like morphology: they are strongly attached to the dish, grow in a scattered and loosely packed fashion, and send out cytoplasmic ex- 
Marker Analysis Reveals that the Morphological Differences Attest to Distinct Phenotypic States
To explore possible differences in proteins that are implicated in defining cell morphology, immunofluorescence analysis was carried out to explore the localization and expression of several markers of differentiated epithelial cells in both epithelial and palmate clones. As shown in Fig. 2 , in the epithelial cells there is strong expression of membrane-bound E-cadherin, an epithelium-specific adhesion molecule. ZO-1 is clearly visible as a fine network on the membrane areas of cell-cell contact. The palmate cells, as expected from their dispersed growth habit, show only weak and diffuse staining for E-cadherin and for the epithelial-polarity marker ZO-1. Interestingly, monoclonal antibodies directed against CK 8, CK 18, and CK 19, stage-specific markers of the hepatic cell lineage, reveal a difference in organization of the filaments in the two classes of clones, the epithelial cells showing weak staining of a dense network of filaments surrounding the nucleus, and the palmate cells' intense staining of a loosely organized network (Fig. 2) . Our previous study (Amicone et al., 1997) of the MMH cell lines revealed that they failed to form colonies in soft agar, indicating that these cells do not have a transformed phenotype. We tested the ability of cells of both epithelial and palmate clones to form colonies in soft agar; both cell types failed to form colonies. This rules out the hypothesis that palmate cells correspond to transformed derivatives of the epithelial cells.
To document differences in gene expression underlying the respective morphological types, RNA was prepared from the three MMH parental lines (E14, D2, and D3) and the seven clones. Blots were prepared and hybridized with probes for LETF, for hepatic functions and for hepatocyte-specific CK 8 and 18 (Fig. 3) .
The analysis of liver-specific gene expression confirms that the morphological differences correspond to the existence of two phenotypic classes of cells. Cells of the epithelial clones, as well as the three parental populations, ex- Phase-contrast micrographs of the epithelial and the palmate clones at low (top) and high or intermediate (bottom) cell density, respectively. In the micrographs of the cultures at low density the differences in growth habit and cellular shape between the epithelial and the palmate clone are highlighted; those at higher density document that these differences are maintained. Bar, 40 m. Immunofluorescence analysis of expression of epithelial and stage-specific markers of the hepatic cell lineage (CKs 8, 18, and 19) . Phase-contrast micrographs and immunofluorescence staining of the E14 epithelial and palmate clones for the expression and localization of E-cadherin (E-cad.) and ZO-1, and of the three CKs 8, 18, and 19. (The cytokeratin antibodies were used on liver sections as a control where they showed the expected staining patterns: CK 8 and 18 on hepatocytes, and CK 19 primarily on bile ducts). For the epithelial clone the E-cad. staining and the phase-contrast image are of the same field; for the palmate clone the CK 8 field corresponds to the phase-contrast image. Bar, 20 m. press all of the LETF tested, with some variability in the forms of HNF3. By contrast, concerning the expression of liver-specific functions, only D3 cells and its two clones express the hepatic marker functions albumin, ␤ -fibrinogen and ␣ 1-antitrypsin ( Fig. 3 and data not shown). The palmate cells from both E14 and D2 lines are deficient for two major LETF (HNF1 ␣ and HNF4) and for the liverspecific functions. Data will be presented below to document that the presence and absence of LETF transcripts correlates with the presence and absence of the corresponding DNA-binding proteins, respectively. Transcripts for CK 8 and CK 18 are present in both the parental lines and the progeny clones of the two classes.
Palmate Cells Form Bile Ductular Structures on Matrigel
Because cell-matrix interactions play an important role in establishing and maintaining the differentiated cell phenotype, the capacity of both clones to undergo morphogenesis on Matrigel (a commercial derivative of matrix extracted from the EHS mouse sarcoma) was evaluated. Growth of cells on this three-dimensional matrix for 7-10 d permitted the cells to sink into the gel. Under these conditions a striking difference in intrinsic morphogenic activity between the two classes of clones was revealed. Fig. 4 A illustrates the spheroidal three-dimensional organization consistently observed with cultures of epithelial clones. In contrast, the palmate clone gave rise to spheroidal structures that send out tubules (Fig. 4 B ) . Electron microscopic examination of a thin section of a tubule reveals that cells in Matrigel become polarized, showing stabilized cell-cell contacts and circumscribing lumina densely decorated with microvilli, resembling bile ducts (Fig. 4 C ) .
The tubules observed in Matrigel cultures of palmate but not epithelial cell clones are reminiscent of those observed by Montesano et al. (1997) upon the addition of HGF to cultures of several types of epithelial cells. Hence, it was appropriate to question whether the expression level of the cyto-MET transgene is different between epithelial and palmate cells. RT-PCR analysis of cyto-Met transcripts revealed similar signals for the two cell types, and in both cases the amounts of corresponding protein were below the level of detection by Western blot analysis of immunoprecipitated extracts (data not shown).
Extracellular Matrix and Soluble Factors Modulate the Differentiation State of Cells of Both Epithelial and Palmate Clones
It was unexpected that epithelial clones from the E14 and D2 lines and those from D3 do not display the same pattern of expression of liver marker genes, even though they all express the LETF HNF1 ␣ and HNF4. Indeed, only the D3 cells and its clones express some liver-specific functions (Fig. 3) . To examine whether the other epithelial clones possess the potential to express these functions, various factors that could affect their state of differentiation were tested. Cells were grown on a gelatin two-dimensional matrix or in the presence of the well-known differentiating agent DMSO or aFGF, a factor that has been suggested to play a role in the early steps of hepatic differentiation (Zaret, 1996) .
The growth of the E14 epithelial cells on gelatin-coated (rather than collagen-coated) dishes, or the addition of DMSO or aFGF leads to a more differentiated hepatocyte phenotype. After these treatments, the cells show a more regular shape with more phase dense and granular cytoplasm (Fig. 5) . Significantly, they express albumin and transthyretin (TTR, Fig. 6 C) . This induced phenotype resembles that presented by the D3 cells in the standard growth conditions.
Cells of the palmate clone in the presence of gelatin, DMSO or aFGF acquire epithelial-like morphology, displaying a flat polygonal shape and growing in a tightly packed fashion (Fig. 5) . These morphological changes reflect a reorganization of the cells as attested by the membrane localization of E-cadherin and ZO-1 (Fig. 6, A and  B ; Amicone et al., 1997) . Concomitantly, expression of HNF1␣ and HNF4 transcripts was detected (data not shown), but neither albumin nor TTR transcripts were present (Fig. 6 C) . The phenotypic modulation induced by gelatin and DMSO is reversible when the usual growth conditions are restored, whereas the effects of aFGF are heritable (data not shown).
The Palmate Clones Generate Epithelial Progeny Competent to Express Hepatocyte Functions
As described in the preceding paragraph, the palmate cells can evolve towards an epithelial phenotype after modification of the growth conditions. In addition, these cells undergo spontaneously the same morphological changes when maintained in continuous culture. As illustrated in Fig. 7 A, at 11 passages the E14 palmate clone showed both cell morphologies: among the palmate cells tightly packed epithelial islands appear. At 30 passages, cultures were essentially composed of cells of regular and polygonal shape. Concomitantly a well-organized compartmen- talization of ZO-1 and E-cadherin can be observed (Fig. 7  B) . Furthermore, in this clone after 30 passages treatment with DMSO or growth on gelatin-coated dishes is sufficient to lead to expression of albumin and TTR (Fig. 7 C) .
As would be expected because albumin and TTR transcripts are present, cells of the palmate clones after 30 passages express HNF1␣ and HNF4 (Fig. 7 D) . The gel mobility shift assays demonstrate that the epithelial cells do and the palmate cells at early passage do not produce HNF1␣ and HNF4, already indicated by the Northern blot analysis (Fig. 3) . Nuclear extract of well-differentiated rat hepatoma cells was used as a positive control. The HNF1␣ and HNF1␤ homodimer and heterodimer complexes are present in the E14 parental line, in the epithelial and in the late passage palmate clone nuclear extracts and in the control extract (Fig. 7 D) . The HNF1␣ homo-and heterodimer complexes undergo a supershift upon incubation with the anti-HNF1␣ antiserum. In the nuclear extract of the palmate clone at early passage only HNF1␤ is detected.
The E14 parental line and epithelial clone that we have shown to produce HNF4 transcripts do contain the corresponding protein, and the complex formation with the C3P-labeled oligonucleotide can be competed with unlabeled oligonucleotide. In the nuclear extract of palmate cells at early passage a very weak HNF4 complex was detected, that became stronger in late passage cells. Gel mobility shift assays were performed also with an oligonucleotide probe for HNF3, and they revealed a single HNF3 complex in all the extracts. The addition of an excess of unlabeled oligonucleotide PFK-3 corresponding to HNF3 binding sequence from the PFK2/FBPase-2 L-promoter failed to prevent HNF3 complex formation. It is likely that factors other than HNF3 can bind to the HNF3 site from the mouse TTR promoter, used as a probe. Further studies are required to evaluate the contribution of the different HNF3 isoforms to the cell phenotype.
The Progeny of Single Palmate Cells Become Epithelial at a Frequency That Is Modulated by the Environment
An unequivocal demonstration of cell lineage relationships is clonal analysis, and the most convincing clonings involve inoculation of individually fished cells. Therefore, to verify the occurrence of the transition from palmate to epithelial-hepatocytic cell we carried out cloning of individually fished cells. Since this procedure is most efficient when coupled with inoculation onto a mitomycin-treated non-proliferating feeder layer, we could address in the same experiments the role of cell environment in the transition from palmate to epithelial cell. Three types of feeder layers were used: the E14 parental cells, known to be composed of a mixture of palmate and epithelial cells, embryonic mouse fibroblasts (EF), traditionally used for culture of embryonic stem cells, and the epithelial clone derived from E14. These three cell types were chosen as feeders because they provided a mixed cell environment (E14), or a purely fibroblastic (EF) or epithelial (E14 ep.) one. If the environment were critical either to maintain the pal- mate phenotype or to insure the transition from palmate to epithelial cell, one would expect to obtain from a given cell line a different ratio of palmate to epithelial colonies as a function of the characteristics of the feeder layer.
The E14 parental line, an E14 palmate clone at early passage, and an E14 epithelial clone were all cloned on the three types of feeder layers. Cell suspensions were prepared and single cells were seeded onto a feeder layer in a 12-well dish. The results of the cloning operations are compiled in Table II according to the cell line cloned (leftmost column) and the nature of the feeder layer. Plating efficiencies (PE) are given, as well as the morphological type of each progeny colony: epithelial or palmate. For each cell line and type of feeder layer, the results obtained with early and later passage cells are averaged in Table II since no consistent differences were observed between early and late passage cells. In all cases, each colony observed could be classified as palmate or epithelial; mixed colonies, or colonies presenting an alternative morphology, were not observed.
These experiments permitted us to pose two simple questions. Do palmate cells give rise to epithelial cells? Is the ratio of palmate to epithelial cells constant for a cell line, or does it vary depending upon the nature of the feeder layer?
The results in Table II clearly demonstrate that palmate cells do indeed give rise to epithelial ones. In addition, as anticipated from the results presented above, the purely epithelial clone was unable to give rise to palmate progeny. Surprisingly, the proportions of epithelial and palmate colonies from the E14 parental and E14 palmate lines were very similar on a given feeder layer, in spite of the facts that (a) epithelial cells were not detectable in the palmate clone until late passage, and (b) palmate cells were not visible in the E14 line except when cultures were seeded at low density.
A clear effect of the feeder layer on the colony types generated concerns the progeny of E14 palmate cells. At passages 2 and 6, epithelial cells are not yet visible in the cultures used to prepare the suspensions, and indeed the epithelial islands are apparent only after passage 10. (We recall here that each passage corresponds to about 5 cell generations, and that colonies are classified as epithelial or palmate after ‫01-8ف‬ generations, e.g., the equivalent of two passages). Nevertheless, a significant fraction of the colonies generated from E14 palmate cells were epithelial, especially when E14 parental or E14 epithelial cells were used as feeder layer. Moreover, the similarities in the colony type ratios for the palmate clone and E14 parental line as a function of the nature of the feeder layer strongly supports the conclusion that the nature of the feeder layer influences the colony type. Thus, the environment created by the E14 parental cells favors the transition from palmate to epithelial cell, and that of the EF cells favors the proliferation of palmate cells to the detriment of epithelial cells (Table II) . These observations encourage us to attempt to identify diffusible factors or extracellular matrix molecules that could be implicated in the transition from palmate to epithelial cells.
The characterization of a number of clones from these experiments (Table III) permits us to affirm that they conform to the phenotypic states already described: (a) robust expression of the LETF HNF1␣ and HNF4 was observed only for epithelial clones; (b) palmate clones are deficient for both HNF1␣ and HNF4 (6 clones) or express the two factors only very weakly (4 clones), reflecting perhaps the existence of epithelial cells within these 4 clones even at early passage. Furthermore, 10 palmate clones were maintained in continuous culture to confirm their ability to generate epithelial-like cells. The spontaneous phenotypic transition from palmate cells to epithelial-like cells occurred consistently in all 10 of the palmate clones analyzed (Table III) , indicating that the potential to undergo this transition is a heritable and consistent property of palmate cells. Logically, the MMH should eventually become depleted of palmate cells in favor of epithelial ones. However, our analyses of the E14 parental line failed to document such a depletion: when cloned at 8 or 16 passages, corresponding to ‫04ف‬ and 80 cell generations, the ratio of epithelial to palmate colonies observed was constant for a given type of feeder layer (Table II) . (20/28) (17) (3) (9/22) (2) (7) (15/27) (9) (6) E14 ep. 82 100 0 45 100 0 45 100 0 (9/11) (9) (0) (5/11) (5) (0) (5/11) (5) (0) The table summarizes the results of 15 individual fished cell cloning operations. All the values given are percents, except for the numbers in italics and parentheses, which give the total number of clones observed over the number of individually plated cells, and the total number of epithelial or palmate colonies obtained. The E14 line was analyzed at passages 8 and 16; E14 pal. at passages 2 and 6. No differences were observed and averages are presented. PE, plating efficiency; ep., epithelial; pal., palmate; EF, embryonic fibroblasts. *The exponents refer to the numbers of clones from fished cells that were established in culture and analyzed (see Table III ). 
ϩϩ *Abbreviations are the same as in Table II except p (culture passage). ‡ The passage at which the first epithelial cell islands are visible in the culture, probably corresponding to 10-25% of the population. § The identifying name of each fished clone refers to, in order: the parental line, the feeder layer (in parenthesis) and the morphological features of the clone, e.g., epithelial or palmate. When more than one clone, displaying exactly the same morphotype, was isolated the abbreviation is followed by progressive numbers.
Karyotype Analysis Confirms the Direction of the Phenotypic Transition
To confirm the filiation of the two morphological cell types, karyotypes were determined and FACS ® analysis of the DNA content was carried out. The results of the karyology are summarized in Table IV , and the results of FACS ® analysis (data not shown) confirmed the conclusions. The parental E14 line was examined at different passages; in all cases two populations were present. Three quarters of the metaphases were diploid or pseudodiploid and one quarter hypotetraploid. To determine whether the diploid versus hypotetraploid karyotype corresponds to one or the other of the distinct cellular phenotypes, both palmate and epithelial clones were analyzed. The palmate clone of the E14 line was analyzed at early and late passages. At early passage, 100% of the cells were diploid or pseudodiploid, with a clear mode at 40 chromosomes per metaphase. 20 passages later, corresponding to the time when epithelial cells were majority, the population had become bi-modal: most of the population remained diploid or pseudodiploid but with a weaker mode at 40 chromosomes, and a small fraction had become hypotetraploid. The epithelial clone derived from the E14 parental line was entirely hypotetraploid. The D2 line, which is composed of both palmate and epithelial cells, presents a bimodal karyotype, whereas the D3 line, whose progeny are uniquely epithelial, is uniformly hypotetraploid.
The karyological analysis of additional clones, including some obtained by cloning of individually fished cells, confirmed this pattern. Clones composed of palmate cells are diploid, whereas the epithelial ones are hypotetraploid. Moreover a fished clone of palmate cells at late passage, which had undergone the phenotypic transition, presents a bimodal karyotype (Table IV, bottom) . These observations are compatible with the idea advanced above, that palmate cells give rise to epithelial cells.
Taken together, the results obtained from the characterization of clones and subclones, as well as the karyotype analysis of parental lines and of first and second generation clones, provide strong support to the hypothesis that a single immortalization event, most likely of a palmate cell, underlies the emergence of the MMH lines. The palmate cells possess morphogenic potential intrinsically different from the epithelial cells and they seem to be the precursors of the epithelial-hepatocytic cells.
Discussion
Analysis of MMH lines has revealed that two of the three examined (E14 and D2) are composed of two distinct cell types: epithelial cells and a spreading cell type with multiple projections that we refer to as palmate.
Clones of the two morphological types were isolated and indeed they represent distinct phenotypes, differing in cytoskeletal organization, in the capacity to form bile ductlike tubules in three-dimensional culture, in the expression of LETF, in their potential to respond to environmental stimuli by the expression of hepatocyte specific functions, and finally by their karyotypes. Most importantly, we demonstrate that palmate cells have the potential to undergo a transition to an epithelial cell morphology, and these cells are competent to express hepatocyte functions. An extensive study of the progeny of palmate clones reveals that they express the full spectrum of properties of (Montesano et al., 1997) . In contrast, Matrigel cultures of palmate cells gave rise to tubules without addition of exogenous HGF. Under the same culture conditions, the epithelial cells formed only simple spheroids. The morphotype of palmate cells in two-dimensional culture, with the extension of multiple finger-like structures and the absence of junctional complexes, is indicative of the "scatter" response, and indeed is reminiscent of the effect of the addition of HGF/SF to epithelial cultures (Medico et al., 1996; Balkovetz et al., 1997; Pasdar et al., 1997; Royal et al., 1997) . When these spreading cells are given the opportunity to form three-dimensional relationships with the substratum, as on Matrigel, they establish a new organizational pattern, forming well organized tubules composed of polarized cells and a lumen that is decorated with microvilli. Therefore, cyto-Met seems to confer constitutive morphogenic activity to the palmate cells, probably via the motogenic/scatter response. It is noteworthy to recall here that no difference in expression of the transgene was observed between palmate and epithelial clones. Consequently, intrinsic differences must exist between palmate and epithelial cells that are responsible for their different response to the product of the transgene; the scatter activity of HGF signaling is effective only in the palmate cells.
A limitation to the study of liver development has been the absence of lines of nontransformed precursor cells that can differentiate into hepatocytes in culture, and that possesses sufficient proliferative potential that clonal progeny can be isolated and characterized. The immortalized palmate cell may fill this gap. The palmate cell goes through at least two stages when differentiating in vitro, whether the transition is spontaneous or induced. Fig. 8 presents in a schematic fashion these transitions, the factors that induce them, and the properties of cells of the different stages. Characterization of the MMH clones revealed that there must exist at least two, and possibly three, classes of epithelial cells, going from the most to the least differentiated: (a) the most differentiated cells are hypotetraploid, polarized, and express the LETF as well as the liver functions in the absence of any stimulus. This is the only phenotype observed for the D3 cells and its clones. (b) An intermediate class is composed of hypotetraploid cells that display a well-polarized epithelial phenotype and express HNF1␣ and HNF4 but fail to express hepatic functions unless stimulated to do so. Cells of this class present an uncoupled phenotype (expression of HNF1␣ and HNF4 concomitant with absence of hepatic functions), recently described for some rat hepatoma variants (Chaya et al., 1997) . (c) Finally, there is probably a transitory epithelial cell population that still retains a diploid chromosome number. Existence of this hypothetical third class is suggested by the facts that (a) 75% of the E14 parental population is diploid while more than half of the progeny clones are epithelial, and (b) some of the epithelial clones present bimodal karyotypes. Among the three MMH lines analyzed, only the D3 line is devoid of diploid cells and fails to give rise to palmate colonies upon cloning. A possible explanation for the absence of palmate cells from the D3 line is their depletion in favor of epithelial progeny. Alternatively, the initial immortalized D3 cell could have been epithelial rather than palmate. Further study of the events underlying emergence of immortalized transgenic liver cells should provide an answer to this question.
Although the environment (soluble factors, extracellular matrix, and cell-cell contacts) plays a key role in cell determination and differentiation (Ekblom, 1989; Hay, 1993; Gullberg and Ekblom, 1995; Cantley, 1996) , the critical factors for the hepatocyte are only beginning to be defined (Michalopoulos and Pitot, 1975; Isom et al., 1985; Ben-Ze'ev et al., 1988; Germain et al., 1988a,b; Caron, 1990; DiPersio et al., 1991; Coleman et al., 1994) . Indeed, Block et al. (1996) have defined some of the factors that influence the differentiation state of hepatocytes in culture. We have shown that the differentiation state of both the palmate and the epithelial cells is modulated by extracellular matrix proteins and general differentiating agents, such as DMSO, or more developmentally relevant factors, such as aFGF. These factors are required to permit the MMH epithelial cells, which appear to be blocked at an early stage of differentiation, to progress within the hepatic program to express liver functions. The differentiating effects of gelatin and DMSO are entirely reversible, whereas those of aFGF are not, as though this stimulus were sufficient to push the cells to a new and heritable state of differentiation. Indeed, growth factors are known to act as embryonic inducers, setting off new reaction cas- cades, whereas ECM proteins may provoke reversible modulation . This is in line with the observations that aFGF is expressed at high levels during cardiac development, and its receptors are present in the endoderm cells (Stark et al., 1991; Mima et al., 1995) . Therefore, a signaling role of aFGF from the cardiac mesoderm to the endoderm would not be surprising (Zaret, 1996) .
Palmate cells show an original immortalized phenotype, grow indefinitely while maintaining a diploid karyotype, and give rise to epithelial cells expressing LETF and hepatic functions. Now that their existence has been demonstrated, two critical questions must be considered. First, do they exist in vivo and where do they come from; second, what can they become?
Whether or not palmate cells exist in vivo cannot yet be answered. It is important to recall that although the palmate cells seem to express an activated met gene (cyto-MET) that is transforming in fibroblasts (Zhen et al., 1994) , they do not express any characteristics of transformation. Expression of the transgene would mimic HGF/SF signaling, a state that is certainly physiological during liver development, when HGF/SF secretion by neighboring mesenchymal cells is high. The continuous signaling conferred by the expression of cyto-Met could prolong the survival of hepatoblasts in the liver. Indeed, the major effect of the transgene could be to stabilize a phenotypic state that is normally only transitory. A characteristic that is shared between palmate cells and fetal hepatoblasts in situ is an absence of epithelial cell polarity (Stamatoglou et al., 1992) . Another obvious candidate for a palmate cell in the mature liver is the oval cell, whose presence becomes obvious only after appropriate stimuli, and which can differentiate into both hepatocytes and bile duct cells. However, the palmate cell is different from oval cells in failing to express LETF, and the early hepatic function albumin. Thus although the palmate cell appears to share properties with both hepatoblasts and oval cells, it is a perfect match with neither.
Established notions of embryology would lead us to argue that palmate cells must be of endodermal origin since they express the hepatic CKs and can give rise to hepatocytes. However, the morphology of palmate cells is strikingly reminiscent of monolayer cultures of Ito/stellate cells, presumed to be of mesenchymal origin. Future experiments will test the expression by palmate cells of markers that are specific to Ito/stellate cells. At present, we prefer to remain openminded concerning the possibility that the origin of the Ito cell has not yet been definitively established (Enzan et al., 1997) .
What can the palmate cells become? In culture, they can express at least some traits of hepatocytes and they can form bile duct-like structures. The possibility that they can become functional hepatocytes capable of repopulating the liver is a subject for future experimentation. The existence in the mouse of a true hepatic stem cell capable of serial repopulation of six generations of livers, has been unequivocally demonstrated (Overturf et al., 1997) . Identification of this stem cells is an important challenge for better understanding of liver development and regulation of its homeostasis. Oval cells are already candidates for hepatic stem cells; the palmate cell is now one as well.
The analysis presented here has provided hints of a relationship between HGF/SF signaling, the acquisition of epithelial morphology and the expression of LETF. The product of the constitutively active cyto-MET transgene, if it is expressed at all, is present at equivalent levels in palmate cells and their epithelial progeny, yet it is only in the palmate cells that evidence of a scatter response is observed. If the scatter response to cyto-Met signaling is a consequence of cytoskeletal components and organization, it can be suggested that the underlying intrinsic difference between palmate and epithelial cells is in the cytoskeleton. Moreover, since loss of the scatter response correlates with acquisition of epithelial cell polarity and of expression of HNF1␣ and HNF4, it can be further suggested either that (a) HGF/SF signaling inhibits expression of the LETF, and this inhibition can be alleviated by aFGF signaling and reinforced by factors that control the scatter response; or (b) the differentiative signals leading to the expression of the LETF constrain the HGF-mediated scattering response. Further studies will be needed to test these predictions.
We are grateful to Jean Claude Benichou for the electron microscopy analysis; to Latifa Bakiri and Moshe Yaniv for the help in the FACS ® analysis; to Rolf Kemler for the gift of the TROMA 1, 2, and 3 antibodies; to Tanguy Chouard for the HNF1␣ antiserum; to Doris Cassio for the ZO-1 antibody. We thank Catherine Fougère-Deschatrette, Dina Chaya, and Giulio Cossu for critical reading of the manuscript and for helpful discussions.
This work in the Paris laboratory was supported in part by grants from the Biotechnology Programme of the European Economic Community under contract number BIOT CT 93-0103 from the Association pour la Recherche sur le Cancer and La Ligue Nationale contre le Cancer. Work in the Rome laboratory was supported by the AIRC (Associazione Italiana Ricerca sul Cancro), Ministero dell' Universita e Ricerca Scientifica e Tecnologica (MURST), and Centro Nazionale delle Ricerche (CNR) Target project on Biotechnology. A NATO Collaborative Research Grant facilitated the collaboration.
